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A B S T R A C T   

Standardized phantoms and test methods are needed to accelerate clinical translation of emerging photoacoustic 
imaging (PAI) devices. Evaluating object detectability in PAI is challenging due to variations in target 
morphology and artifacts including boundary buildup. Here we introduce breast fat and parenchyma tissue- 
mimicking materials based on emulsions of silicone oil and ethylene glycol in polyacrylamide hydrogel. 3D- 
printed molds were used to fabricate solid target inclusions that produced more filled-in appearance than 
traditional PAI phantoms. Phantoms were used to assess understudied image quality characteristics (IQCs) of 
three PAI systems. Object detectability was characterized vs. target diameter, absorption coefficient, and depth. 
Boundary buildup was quantified by target core/boundary ratio, which was higher in transducers with lower 
center frequency. Target diameter measurement accuracy was also size-dependent and improved with increasing 
transducer frequency. These phantoms enable evaluation of multiple key IQCs and may support development of 
comprehensive standardized test methods for PAI devices.   

1. Introduction 

Photoacoustic imaging (PAI) has shown great potential to provide 
additional molecular and functional biomarkers for various clinical 
applications including cancer detection, vascular imaging, tissue oxim
etry, and biopsy/surgical guidance [1–7]. The broad range of applica
tions with substantially different requirements has resulted in a wide 
variety of system designs [8]. Accurately predicting how these differ
ences in design parameters influence PAI device performance in vivo can 
be challenging. However, phantom-based test methods can provide 
insight on design consequences and help set performance expectations 
and limitations. Thus, tissue-mimicking phantoms provide an important 
approach for objective, quantitative evaluation of fundamental image 
quality characteristics (IQCs), enabling device design optimization, 
calibration, constancy testing, and regulatory decision-making. 

An ideal tissue-mimicking material (TMM) for PAI phantoms would 
simultaneously possess optical and acoustic properties that are both 
tunable and biologically relevant. PAI phantoms have been fabricated 

using many materials, including paraffin gel wax;[9,10] emulsions such 
as Intralipid [11] and glycerol-in-polydimethylsiloxane;[12] polyvinyl 
chlorine plastisol (PVCP);[13–16] copolymer-in-oil;[17,18] and hydro
gels such as gelatin [19], agar/agarose [20–25], and polyvinyl alcohol 
[26–28]. Promising PVA and PVCP TMMs have been reported for the 
preparation of breast-mimicking phantoms. PVA TMMs with adjustable 
stiffness and turbidity are prepared by repeated freeze-thaw cycling 
[27]. However, the optical and acoustic properties cannot be tuned 
independently, and dye diffusion within the TMM has been reported 
[28]. PVCP TMMs offer high optical and acoustic tunability as well as 
temporal stability [15], and complex solid inclusions can also be formed 
[16,29]. However, PVCP requires preparation at high temperatures, 
potentially limiting the compatible materials used for phantom molding 
as well as imaging target options. 

We recently developed a polyacrylamide (PAA) TMM that offers 
simple and fast preparation, greater mechanical strength and longer 
shelf life than agar/gelatin hydrogels, lower preparation temperatures 
than PVCP and gel wax, and high optical tunability [30]. However, this 
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TMM had a relatively high speed of sound (1540 m/s) and fairly low 
acoustic attenuation compared to some tissues, especially breast 
[30–32]. In PAA and most available TMMs, achieving high acoustic 
tunability is often more challenging than achieving optical tunability, 
which can limit the tissue types that can be simulated. To overcome 
these limitations, liquid additives such as mineral oil [33], glycerol [34] 
or ethylene glycol [35] can be added to modify the TMM’s speed of 
sound, while solid additives such as alumina [34,36], glass beads 
[37–39], or silica particles [33] have been shown to increase the 
acoustic attenuation (mostly by increasing scattering). 

In addition to well-characterized TMMs, it is equally important to 
carefully design reproducible phantom geometries, target inclusion sizes 
and patterns, and image acquisition and analysis protocols. We recently 
reviewed common practices in PAI phantom design and testing, and 
compared them to standardized IQC test methods used for mature im
aging modalities [40]. Several understudied IQCs were identified, 
including: size-dependent low-contrast object detectability; geometric 
accuracy (the ability to accurately represent real dimensions of imaged 
features); and artifacts. One critical artifact to consider is boundary 
buildup, a well-known bandlimited sensing artifact where only edges of 
absorptive objects are visualized by PAI [41]. Our review suggested that 
these IQCs may be understudied due to the absence of adequate or 
well-accepted phantom designs to assess them. 

Imaging target selection is another major consideration for phantom 
design. Ideally, imaging targets would be solid inclusions made of 
tunable TMM, which could be prepared with variable shapes and di
mensions, and could represent small assemblies of small absorbers (e.g., 
arterioles and capillaries). Most reported PAI phantoms use tubes or 
wall-less channels filled with contrast media such as dyes, blood, or 
nanoparticles [29,30,40,42]. However, tubes are often only available in 
relatively large sizes representative of larger blood vessels, rather than 
smaller vasculature. For both large and small tubes, the walls may 
potentially alter photoacoustic signals and light and sound transport 
effects. Additionally, the use of tubes requires phantom housing con
nectors or adhesives, and well as requiring contrast media injection and 
phantom cleaning for every imaging session. While flow channel 
phantoms allow rapid adjustment of inclusion properties, they carry the 
increased costs of flow loop equipment. With water-based TMMs such as 
polyacrylamide hydrogel, the injection of hydrophilic contrast media 
through wall-less channels would be inappropriate as it would readily 
diffuse into the hydrogel material. Similarly, wall-less channel PVCP 
phantoms can be difficult to keep clean with repeated use, and tubing 
may only partially alleviate this issue. Also, using blood elevates safety 
concerns during phantom use, and blood is not strictly needed for gen
eral image quality assessment as generic black dyes are suitable for this 
purpose [43]. Nanoparticles are generally expensive and may also suffer 
photodamage with repeated imaging, degrading imaging phantom sta
bility and repeatability [44]. 

Semi-anthropomorphic breast phantoms have been recently reported 
for PAI [16,29]. These phantoms are composed of multiple layers of 
PVCP breast-mimicking TMMs embedding spherical inclusions and 
wall-less channels for absorber injection. Although anthropomorphic 
phantoms can produce more life-like image features, image quality 
phantoms generally rely on idealized targets such as cylinders and 
spheres for objective, quantitative image quality assessment [40]. This 
latter phantom paradigm is more consistent with standardized 
phantom-based image quality test methods for mature modalities such 
as CT, mammography, MRI, and ultrasound. 

Our overall goal was to develop stable, tunable, and well- 
characterized breast-mimicking phantoms to enable evaluation of 
understudied IQCs in PAI phantom testing. To this end, our study ob
jectives were to: 1) develop tunable PAA-based TMMs to mimic breast 
fat and parenchyma tissues, 2) fabricate solid PAA imaging targets with 
adjustable properties and geometry, and 3) design a multi-purpose 
phantom for evaluation of understudied IQCs such as object detect
ability, geometric accuracy, and boundary buildup artifact vs. target 

size, depth, and optical properties. To the best of our knowledge, these 
are the first well-characterized image quality phantom targets prepared 
with a TMM that generates “filled-in” PAI features. Similarly, the 
phantom designs and test methods proposed here are a first attempt to 
evaluate understudied PAI IQCs we previously identified through liter
ature review [40]. Finally, to encourage adoption of the phantoms 
proposed in this study, all 3D-printer designs are readily available 
through the NIH 3D-File Exchange website [45]. 

2. Methods 

2.1. TMM production 

TMMs for PAI phantoms should offer highly tunable optical and 
acoustic properties in order to adequately mimic different tissue types 
and compositions. In this study, we aimed to produce TMMs capable of 
mimicking breast fat tissue (denoted F-TMM) and parenchyma tissue (P- 
TMM), as well as a target TMM (T-TMM) for producing imaging targets 
that resemble clusters of sub-resolution vasculature. Target optical ab
sorption coefficient (μa) at 850 nm was 0.1 cm-1, and target optical 
reduced scattering coefficients (μs

′) at 850 nm were 8 and 10 cm-1 for fat 
and parenchyma, respectively [46–48]. Target speed of sound (cs) values 
were 1430 and 1540 m/s, and frequency derivatives (dα/df) of target 
acoustic attenuation (α) were 0.6 and 2.5 dB/cm/MHz for fat and pa
renchyma, respectively [31,32,49–52]. 

To enhance the acoustic tunability of our previously developed PAA 
TMM [30], we created emulsion-based hydrogels by adding silicone oil 
(XIAMETER™ PMX-0210, Dow, Inc., Midland, MI) and/or ethylene 
glycol (324558, Sigma-Aldrich, Inc., St. Louis, MO) [53]. Silicone oil 
was selected over other oils such as mineral oil and turpentine due to its 
significantly lower speed of sound (1040 m/s) and its broad availability 
in different viscosities. Fig. 1 illustrates our developed TMM preparation 
process. Briefly, an oil-in-water (O/W) emulsion was formed by adding 
silicone oil to a solution of deionized water, Tween 20 surfactant 
(P1379, Sigma-Aldrich), and ethylene glycol. Oil was dispersed into 
suspended droplets using either a tissue homogenizer (985370–14, 
BioSpec, Bartlesville, OK) or a probe sonicator (Q125, Qsonica, New
town, CT). The emulsion was transferred into a vacuum chamber and 
degassed for 30 min. After degassing, a 40% w/v acrylamide solution 
containing 19:1 acrylamide:bisacrylamide (AM9024, Thermo Fisher 
Scientific, Inc., Waltham, MA) was added to the emulsion. N,N,N’, 
N’-tetramethylethylenediamine (TEMED, T9281, Sigma-Aldrich, Inc.) 
was added to accelerate free radical formation, and finally ammonium 
persulfate (APS) solution (A7460, Sigma-Aldrich, Inc.) was added to 
initiate polymerization. The solution was then immediately poured into 
various molds (Section 2.3), which typically solidified for 5–20 min 
depending on the total mass. 

To study the effect of silicone oil concentration on TMM properties, 
silicone oil with viscosity of 100 centistokes (cSt) was added at 6–26% 
w/w of total TMM mass and probe sonicated for two minutes at 50% 
amplitude, 75% duty cycle. The effect of emulsification intensity was 
studied by varying the amplitude/speed of either a homogenizer or a 
probe sonicator from 50% to 100%, and emulsifying TMMs containing 
silicone oils with viscosities of 100 and 350 cSt. The effect of the dura
tion of the emulsification process was studied by varying emulsification 
time of a 1000 cSt silicone oil emulsion from 2 to 10 min using 100% 
probe sonication amplitude. 

To adjust TMM optical properties, India ink (Super black India ink, 
Speedball Art Products Co., NC), alcohol soluble Nigrosin (211680, 
Sigma-Aldrich, Inc.), and anatase titanium dioxide (TiO2, 232033, 
Sigma-Aldrich, Inc.) were added. India ink was suspended in the TMM’s 
water phase at concentrations from 0.006% to 0.06% w/w. Nigrosin 
powder was suspended in 100 cSt silicone oil, bath sonicated for 20 min, 
and added to the TMM as described above. Nigrosin concentration was 
varied from 0.01% to 0.1% w/w of the final TMM’s mass. Optical 
scattering was controlled by adding TiO2 particles to the water phase at 
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0.01–0.1% w/w. Carbomer 940 (C1477, Spectrum, New Brunswick, NJ) 
was used to enhance mechanical strength of TMM formulations intended 
as solid imaging targets, thus allowing the use of injection molding 
techniques [54]. Carbomer was dissolved in DI water and added to the 
TMM after emulsification from 0.05% to 0.3% w/w. 

2.2. TMM characterization 

TMM speed of sound and acoustic attenuation vs. frequency were 
characterized using a broadband through-transmission substitution 
technique as described previously [30]. TMM optical absorption coef
ficient and reduced scattering coefficient were measured using inte
grating sphere spectrophotometry as described previously [30]. 

After analysis of characterization data, two finalized formulations 
were selected to represent fat (F-TMM) and parenchyma tissue (P-TMM). 
An additional TMM formulation was selected to fabricate imaging tar
gets (T-TMM). To evaluate temporal stability of TMM mass and acoustic 
properties, three F-TMM and three P-TMM samples were prepared in cell 
culture flasks and characterized at 1 day and 5 months post-fabrication. 
All samples were stored at room temperature and pressure. Acoustic 
characterization samples were weighed at one day and five months to 
monitor mass loss over time. Average and standard deviation of sample 
mass and acoustic properties were computed per timepoint, and com
parisons between timepoints were made using student’s t-test. To study 
diffusion or leaching of optical additives in embedded PAA-based im
aging targets, four two-layer samples were prepared in clear cell culture 
flasks by forming a bottom layer of transparent control PAA gel (69% w/ 
w DI water, 30% w/w acrylamide/bis solution, 0.2% w/w TEMED, 0.8% 
APS) and a top layer of the same PAA formulation but including 0.1% w/ 
w of optical absorbers. The first sample contained India ink suspended in 

a control PAA gel (no additives), the second sample contained India ink 
suspended in the T-TMM’s water phase, the third sample contained 
water-soluble nigrosin (N4754, Sigma-Aldrich, Inc.) diluted in the T- 
TMM’s water phase, and the fourth sample contained nigrosin sus
pended in the T-TMM’s oil phase. Flasks were photographed every four 
weeks for five months after fabrication and qualitatively assessed for 
increased black color in the bottom clear control gel (Supplementary 
Fig. S1). 

2.3. Phantom design and fabrication 

A total of five imaging phantoms were fabricated: two preliminary 
phantoms to test imaging targets prepared with different optical addi
tives (Phantoms 1 and 2), two multi-row phantoms for detailed testing of 
object detectability (Phantoms 3 and 4), and a one-row phantom for 
system comparison of boundary buildup artifacts (Phantom 5) (phantom 
summary in Table 1). 

3D modeling software (Fusion 360, Autodesk, San Rafael, CA) was 
used to design bulk phantom housings as well as two-face injection 
molds used to fabricate imaging targets. These designs were 3D printed 
using an affordable LCD 3D printer (Mars 2 Pro, Elegoo, Inc., Shenzhen, 
China) with 50 µm lateral resolution and 25 µm layer height. Injection 
molds for cylinder and stepped-cylinder inclusions with diameters 
ranging from 1 to 4 mm were prepared by inserting a 50.8-µm-diameter 
stainless steel wire (794600, A-M Systems, Inc., Sequim, WA) through 
the target mold, which was used to suspend molded targets in empty 
bulk phantom housings (Fig. 2. A). The two mold faces were then 
aligned using registration spheres and pressed with a bench vise. T-TMM 
was injected through a 1 mm opening (Fig. 2. B) using a 25-gauge needle 
attached to a 3 mL syringe and allowed to cure for approximately 

Fig. 1. Step-by-step preparation of emulsion-based TMMs for breast fat (F-TMM), parenchyma (P-TMM), and imaging targets (T-TMM).  
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20 min. Finally, molds were disassembled, excess material was 
removed, and the solid targets were carefully removed (Fig. 2. C). 

Phantoms 1 and 2 were fabricated to evaluate the functionality of 
solid inclusions designed to generate photoacoustic (PA) images con
taining “filled-in” targets. Here, both phantoms were fabricated con
taining stepped-cylinder inclusions with diameters of 1, 2, 3, and 4 mm 
positioned 10 mm deep in a F-TMM background. Phantom 1 contained 
inclusions prepared with a control PAA gel modified with India ink in DI 
water, producing µa values of 0, 2, 4 and 8 cm-1 at 850 nm. Phantom 2 
had imaging targets prepared with a T-TMM modified with nigrosin 
suspended in the oil phase to produce μa values of 0.25, 0.5, 1 and 2 cm-1 

at 850 nm. 
In T-TMM, nigrosin is contained in small oil droplets distributed 

throughout the PAA matrix. However, μa was measured in 2-mm thick 
TMM samples. For targets intended to produce filled-in appearance, two 
μa values need to be considered: 1) the T-TMM’s μa (as measured) and 
the estimated droplet μa. The μa produced from the nigrosin-loaded oil 
droplets can be estimated as: 

μa,droplet =
μa

[Oil]
(1)  

where μa is the absorption coefficient measured from a 2-mm slab of 
TMM [30], and [Oil] is the relative silicone oil concentration by mass in 
the TMM (12% w/w). 

Phantoms 3 and 4 were designed to allow evaluation of multiple 
aspects of object detectability. A 120 mm (L) x 72 mm (W) x 50 mm (H) 
phantom housing was 3D printed and prepared containing arrays of 
stepped-cylinder targets with three 5 mm-long sections with 1, 2 and 
3 mm diameters (Supplementary Fig. S2). Rows of four targets hori
zontally spaced 8 mm apart were positioned at depths of 10, 20, 30 and 

40 mm from the phantom’s top surface (Fig. 2. D). Each row of targets 
was spaced 5 mm apart in the phantom’s long axis (L) to minimize ar
tifacts such as reflections or optical shadowing, and all targets were at 
least 20 mm away from the mold walls. Each row contained imaging 
objects with μa,TMM of 0.25, 0.5, 1 and 2 cm-1 at 850 nm. Finally, the 
phantom’s background was formed from a 500 g batch of either F-TMM 
(Phantom 3) or P-TMM (Phantom 4) (recipes summarized in Table 2), 
which was poured into the phantom housing and allowed to cure for 1 h 
(Fig. 2. E). After that point, the wires were removed, and the phantoms 
were kept at room temperature in sealed plastic bags until imaging 
sessions. 

Phantom 5 was prepared to conduct a multi-site phantom-based 
evaluation of boundary buildup artifacts for three different PAI systems. 
This phantom was fabricated with straight cylindrical inclusions 3 mm 
in diameter and 10 mm long positioned at a depth of 10 mm in a F-TMM 
background. The inclusions were prepared with nigrosin suspended in 
the oil phase of a T-TMM to produce μa values of 0.25, 0.5, 1 and 2 cm-1 

at 850 nm. 

2.4. Phantom imaging and image analysis 

PAI systems with different configurations were available to evaluate 
the functionality of the proposed phantoms. These systems included a 
custom system located at FDA and two commercial systems at UCSD as 
described previously [30]. For the custom system, imaging was per
formed at 850 nm (radiant exposure = 8.2 ± 0.2 mJ/cm2) with a 10 Hz 
repetition rate and using either a 7 MHz linear array (L11–4v, Vera
sonics, Inc., Kirkland, WA) or a 2.5 MHz phased array (P4–1, Philips). 
Unlike previous studies, transducers were integrated with the 
5 mm × 40 mm elliptical optical beam using a custom 3D printed 
housing (Supplementary Fig. S3). Image reconstruction was performed 
using Verasonics’ proprietary pixel-oriented delay and sum algorithm 
[55], and images were pulse energy-compensated. The PAI systems 
available at UCSD included an AcousticX (CYBERDYNE Inc., Japan) and 
a Vevo LAZR (FUJIFILM VisualSonics, Inc., Ontario, Canada). Both 

Table 1 
Summary of phantom physical characteristics.    

Imaging Targets 

Phantom No. Background Material Arrangement Shape Dimensions Material Depth 

1 F-TMM 1 row x 4 columns Stepped Cylinder 1–4 mm x 5 mm India Ink in PAA gel 10 mm 
2 Nigrosin in T-TMM 
3 4 rows x 4 columns 1–3 mm x 5 mm 10–40 mm 
4 P-TMM 
5 F-TMM 1 row x 4 columns Cylinder 3 mm x 5 mm 10 mm  

Fig. 2. Assembly of the multi-row phantom (phantoms 3 and 4). A) Two-face 
target mold with channel for stainless steel wires. B) Two-face mold held in a 
vise for injection molding. C) Solidified imaging targets in the opened mold. D) 
Imaging targets suspended in an empty phantom mold in horizontal rows at 
depths of 10, 20, 30, and 40 mm from the top surface. E) Final imaging 
phantom after pouring background TMM. 

Table 2 
Formulation to form 100 g of control PAA gel, F-TMM, P-TMM, and T- TMM. 
Values shown as (%) represent concentration of previously prepared/purchased 
stock solutions.   

Control 
PAA 

Fat 
TMM 

Parenchyma 
TMM 

Target 
TMM 

DI Water 69 g 56.48 g 41.59 g 46.88 g 
TiO2 Suspension (2.5% 

w/w) 
– 0.4 g 3.2 g – 

Ethylene Glycol – – 17.25 g – 
Silicone Oil - 100 cSt – 12 g – 12 g 
Silicone Oil - 350 cSt – – 0.65 g – 
Silicone Oil - 1000 cSt – – 6.25 g – 
Tween 20 – 0.12 g 0.06 g 0.12 g 
Acrylamide/Bis (40% 

w/v) 
30 g 30 g 30 g 30 g 

Carbomer 940 (0.2% 
w/w) 

– – – 10 g 

TEMED 0.2 g 0.2 g 0.2 g 0.2 g 
APS Solution (10% w/ 

w) 
0.8 g 0.8 g 0.8 g 0.8 g  

J. Palma-Chavez et al.                                                                                                                                                                                                                         



Photoacoustics 26 (2022) 100348

5

systems have been previously described and fully characterized [30]. 
Imaging with the AcousticX was performed using 850 nm LED arrays 
(radiant exposure = 0.028 mJ/cm2) at a 4 kHz repetition rate and a 
10 MHz linear array transducer, while the Vevo LAZR was tuned to 
850 nm (radiant exposure = 8.6 ± 0.3 mJ/cm2) at a 20 Hz repetition 
rate and used a 15 MHz transducer (LZ201). 

For the multi-site evaluation, Phantom 5 was constructed at FDA, 
weighed, and imaged with the custom PAI system. After imaging, the 
phantom was placed in a sealed plastic bag, packed in a cardboard box, 
and mailed to UCSD using 2-day express shipping. On arrival, the 
phantom was weighed to check for mass loss during shipment, and then 
imaged using the AcousticX and Vevo LAZR systems. 

A set of imaging guidelines was developed to standardize data 
collection across PAI systems. First, transducers were coupled to the 
phantom using ultrasound gel and aligned such that were normal to the 
imaging targets, capturing each row of inclusions in a single field of view 
(FOV). Imaging was performed at 850 nm with maximum output energy 
for each system. Preprocessed photoacoustic images (linear amplitude 
images) were acquired at five locations along the cylindrical targets’ 
long axes. Image reconstruction was performed using built-in algorithms 
setting the reconstruction speed of sound to match the background 
TMM’s properties. Image quality metrics were computed on non- 
compressed, linear amplitude images. 

To evaluate object detectability, square regions of interest (ROI) 
were drawn over each target in addition to equal-sized, local back
ground ROIs drawn to the left of each inclusion. ROI dimensions were 
set to 0.5 mm larger than specific target diameter (e.g., 2 mm target 
ROIs were 2.5 mm × 2.5 mm). Signal-to-background ratio (SBR) was 
calculated for each target as: 

SBR =
At

Ab
(2)  

where At is the average target ROI amplitude and Ab is the average 
background ROI amplitude [30]. 

To assess boundary buildup, ROIs were drawn at the target’s top 

boundary. Boundary ROI was set to 0.5 mm larger than specific target 
width and half of target height (e.g., boundary ROIs for 2 mm targets 
were 2.5 mm × 1 mm). Similarly, square ROIs with sides equal to half of 
the target’s diameter were drawn over the core of each target (e.g., core 
ROIs for 3 mm targets were 1.5 ×1.5 mm). Boundary buildup was 
evaluated as: 

Boundary Buildup =
Acore

Aboundary
(3)  

where Acore is the average core ROI amplitude and Aboundary is the average 
boundary ROI amplitude. 

Geometric accuracy was evaluated by analysis of log-compressed PA 
images. The outer edges of imaging targets were identified by inspection 
and both horizontal and vertical distances between edges were 
measured using software-based calipers. Spatial measurement error for 
target diameter (eD) was calculated in both directions as: 

eD = 100% × |Dactual −Dmeasured |/Dactual (4)  

where Dactual is the nominal target dimension and Dmeasured is the PAI- 
derived measurement [56]. 

3. Results 

3.1. TMM properties 

Tunability of the TMM’s acoustic properties is summarized in Fig. 3. 
While α increased with silicone oil concentration, cs was inversely 
affected. Acoustic attenuation was linear with both oil concentration up 
to 27.6% w/w (R2 >0.92) for a 100 cSt oil, and with oil viscosity from 50 
to 350 cSt (R2 >0.99) at a fixed concentration of 13.8% w/w. Speed of 
sound decreased linearly from 1475 to 1314.5 m/s with increasing sil
icone oil concentration from 6% to 27.6% w/w (R2 >0.98). Increase of 
emulsification parameters such as intensity and time decreased α, but 
not cs. Increasing ethylene glycol concentration from 6.9% to 17.25% w/ 

Fig. 3. TMM acoustic properties. A) α vs. frequency, oil viscosity and emulsification method (H = homogenizer, S = probe sonicator). B) α vs. frequency and 
sonication duration for a TMM prepared with 1000 cSt silicone oil emulsified with a probe sonicator at 100% amplitude. C) α of the final phantom TMMs compared to 
literature values for ex vivo human breast tissue [31]. D) cs vs. concentration of 100 cSt silicone oil sonicated at 60% amplitude for 2 min. 
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w increased cs from 1498 to 1572 m/s, but α was not significantly 
altered. These results show that cs can be readily tuned by varying sili
cone oil and ethylene glycol concentrations, and α can be tuned by 
varying oil viscosity and emulsification parameters. 

As expected, TMM optical properties were highly tunable and 
showed high linearity with respect to additive concentration (Fig. 4). 
Both PAA samples containing India ink and nigrosin showed highly 
linear increases in μa vs. additive concentration, and μa values at 850 nm 
from 0.25 to 8 cm-1 were achieved. The μ′

s was highly linear vs. TiO2 
concentration over the range tested (R2 >0.99). Based on character
ization results, F-TMM, P-TMM, and T-TMM formulations were selected 
for phantom fabrication (Table 3). 

TMM samples showed good resistance to desiccation, with mass loss 
over five months of 1.2% and 1.9% for F-TMM and P-TMM, respectively. 
After five months, cs decreased by 4 ± 0.9 m/s (0.28% ± 0.063%) and 
14 ± 4.5 m/s (0.89% ± 0.287%), for F-TMM and P-TMMs respectively. 
α at 7 MHz decreased over 5 months by 0.18 ± 0.16 dB/cm (4.16 

± 3.63%) and 2.64 ± 0.16 dB/cm (6.15 ± 4.56%) for F-TMM and P- 
TMM, respectively. These variations are within 10% of baseline, the 
acoustic property tolerance recommended by the ultrasound standard 
IEC 61391–1:2017 [57]. Qualitative evaluation of optical additive sta
bility by photography over a period of 5 months indicated no significant 
observed diffusion of nigrosin embedded in silicone oil droplets into 
adjacent control PAA gel (Supplementary Fig. S1). Similarly, suspension 
of India ink in either a PAA gel or the TMM’s water phase showed high 
stability. However, a PAA gel sample modified with water-soluble 
nigrosin showed rapid diffusion of the dye throughout the control PAA 
hydrogel. 

3.2. Image quality evaluation 

Imaging results in preliminary phantoms (phantoms 1 and 2) are 
shown in Fig. 5. The deposition of optical absorbers in either a 

homogeneous PAA hydrogel (India ink), or in discrete oil droplets in the 
T-TMM (nigrosin) led to different PA signal patterns. Targets containing 
India ink resulted in a lack of lumen signals and presence of bright top/ 
bottom boundary signals, while nigrosin-in-oil targets produced PA 
image features with a more filled-in appearance. The nigrosin-in-oil 
target approach was selected for further use in imaging phantoms. 

Several artifacts were present in the images (Figs. 5 and 6). The 
custom system produced near-field clutter due to optical absorption at 
the transducer/phantom interface. Similarly, reflection artifacts can be 
observed under the imaging targets. Both artifacts are likely due to 
photoacoustic signals generated at the transducer surface traveling 
downward and reflecting off the phantom surface or targets, which 
doubles the time of flight and the resulting depth determined by image 
reconstruction. To reduce near-field clutter, transducers were gel- 
coupled with aluminum foil. The foil reduces light absorption at the 
transducer face, which generates unwanted photoacoustic image clutter. 
However, the attachment of the foil to the transducer is challenging, and 
x-shaped artifacts can be generated by warps or imperfections in the foil 
(Fig. 5). 

Representative ultrasound and PA images of the F-TMM multi-row 
phantom are shown in Fig. 6. Clear differences in target appearance 
and detectability were observed in PA images, as a function of target 
properties and the background TMM. For instance, four imaging objects 
can be easily observed at depths of 10 mm and 20 mm, while only the 
top and bottom surface of some of the objects can be distinguished at 
30 mm depth. Some targets are not detectable due to tissue-like optical 

Fig. 4. TMM optical properties. Bright field microscopy of A) F-TMM and B) P-TMM samples. Scale bars = 50 µm. C) μa and D) μ′

s spectra of F-TMM, P-TMM, and T- 
TMM samples. E) μa of India ink suspended in the control PAA gel. F) μa of alcohol-soluble nigrosin suspended in the oil phase of T-TMM. Concentrations are 
expressed as % w/w of total TMM mass. 

Table 3 
Acoustic and optical properties of final Fat, Parenchyma and Target TMMs.   

F-TMM P-TMM T-TMM 

α (7 MHz) 4.41 dB/cm 14.07 dB/cm 12.21 dB/cm 
cs 1423 m/s 1536 m/s 1424 m/s 
μa (850 nm) 0.09 cm-1 0.11 cm-1 0.25 – 2 cm-1 

μ′

s (850 nm) 7.02 cm-1 11.72 cm-1 5.75 cm-1  
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and acoustic attenuation in the phantom, which is a desirable effect for 
phantom-based image quality testing. By ensuring at least one target in a 
series is present but undetectable by an instrument, the limits of 
detection can be bounded and thus interpolated, rather than relying on 
extrapolation to determine such limits. 

As expected, maximum imaging depth was closely related to target 
μa. Targets with μa values ≥ 1 cm-1 were visually detectable at 
maximum depths of 30 mm in F-TMM and 10 mm in P-TMM (Fig. 7). 
This difference may be attributed to higher acoustic attenuation in P- 
TMM phantoms. However, size-dependent detectability was also 
observed. PA amplitude and SBR values were highly linear and com
parable across objects of same μa with different diameters (Fig. 8). For 

targets embedded in F-TMM, SBR values greater than 1 indicated 
detectable objects. However, the 1 mm target with μa of 0.25 cm-1 at 
20 mm depth in F-TMM resulted in a SBR of 0.95 ± 0.04 and was not 
visually detectable, while larger targets (2 and 3 mm) with same μa 
showed higher SBR values (1.07 ± 0.02 and 1.11 ± 0.01, respectively) 
and were still observable. Core/boundary ratio generally decreased with 
increasing target μa. However, selection of core ROIs for 1 mm targets 
was not possible due to the close proximity of the two boundaries. 

Several trends were identified from geometric accuracy analysis. 
Diameter measurement error generally increased with target μa, 
decreased with depth, and was decreased with target size (Table 4). For 
example, spatial measurements of 3-mm targets in F-TMM at 10 mm 

Fig. 5. PA images of stepped-cylinder in
clusions producing either boundary buildup or 
filled-in object appearance in preliminary 
phantoms (phantoms 1 and 2). Left column (A 
and C) shows cross sections of 3 mm diameter 
sections. Right column (B and D) shows side 
views of imaging targets with sections of 1, 2, 3 
and 4 mm diameter. A-B) India ink-in-hydrogel 
T-T-TMM targets. C-D) Nigrosin-in-oil T-TMM 
targets. μa values from left to right: A) 0, 2, 4 
and 8 cm-1 at 850 nm and B) 0.25, 0.5, 1 and 
2 cm-1 at 850 nm (C). Scale bars = 5 mm. 
Display dynamic range: 32 dB. Images acquired 
using the L11–4 transducer.   

Fig. 6. Representative ultrasound (top row) and PA images (bottom row) of Phantom 3 using the custom system with the L11–4v transducer, showing 3 mm diameter 
target segments embedded in F-TMM at depths of 10 mm, 20 mm, and 30 mm (40 mm targets not shown). μa values from left to right: 0.25, 0.5, 1 and 2 cm-1 at 
850 nm. Scale bars = 5 mm. Display dynamic range: US = 45 dB, PA = 38 dB. 
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Fig. 7. Log-compressed PA images of multi-row phantoms (phantoms 3 and 4) with 1–3 mm targets with μa values of 0.25, 0.5, 1 and 2 cm-1 (left to right in each 
image) embedded in fat (F-TMM) or parenchyma (P-TMM) backgrounds at depths of 10 mm, 20 mm, 30 mm and 40 mm (40 mm not shown). Images acquired using 
the custom system with the L11–4 transducer. Scale bars = 5 mm. Display dynamic range: F-TMM (38 dB) and P-TMM (26 dB). 

Fig. 8. Quantitative image quality evaluation from PA images of phantoms 3 and 4. A) SBR and B) Core/Boundary ratio of targets embedded in F-TMM at 10 mm 
depth. C) SBR and D) Core/Boundary ratio of targets embedded in F-TMM at 20 mm depth. E) SBR and F) Core/Boundary ratio of targets embedded in P-TMM at 
10 mm depth. Dashed lines represent detectability based on SBR values that match visual inspection of PA images. 

Table 4 
Vertical spatial measurement error (eD) vs. target diameter, μa, depth, and background TMM using the L11–4 transducer.    

1 mm Target 2 mm Target 3 mm Target  

µa (cm-1) 0.25 0.5 1 2 0.25 0.5 1 2 0.25 0.5 1 2 

F-TMM 10 mm 22.8 55.5  77.5  85.9 6.3 22.8  31.7  42.6 10.1 22.8  26.7  30.7 
20 mm – 21.2  45.9  51.2 21.7 13.6  18.6  25.4 2.6 11.2  18.1  20.9 
30 mm – –  10.8  22.3 – –  8.4  14.7 – –  7.6  8.8 

P-TMM 10 mm – –  51.9  47.2 – –  16.6  12.2 – –  10.1  18.6  
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depth resulted in z-axis eD of 10.1% and 30.7% for targets with μa values 
of 0.25 and 2 cm-1, respectively. Measurement errors of 1-mm targets 
under same conditions, resulted in 22.8% and 85.9%, respectively. 
Diameter of high contrast objects was generally overestimated by PAI. 
However, the dimensions of objects with low μa (≤ 0.5 cm-1) positioned 
at depths > 10 mm were often underestimated (e.g., 2-mm target with 
μa = 0.25 cm-1 at 20 mm depth in F-TMM). 

Analysis of images acquired in the straight cylinder phantom 
(Phantom 5) showed linear response of SBR to target μa on all three 
systems (Fig. 9). However, sensitivity decreased with increasing trans
ducer center frequency. For instance, the VevoLAZR (15 MHz) showed 
the poorest sensitivity, barely detecting the target with μa = 0.5 cm-1. In 
contrast, the custom system using the P4–1 transducer (2.5 MHz) 
detected all targets down to μa = 0.25 cm-1. Core/boundary ratio 
increased with increasing transducer center frequency and slightly 
decreased with increasing target μa. Diameter measurement error 
decreased with transducer center frequency. 

4. Discussion 

In this study, we developed and characterized an emulsion-based 
hydrogel TMM offering broad tunability of optical and acoustic prop
erties. Solid stepped-cylinder targets were fabricated with different di
ameters and μa, then embedded in imaging phantoms to enable 
evaluation of several aspects of object detectability. These phantoms had 
good temporal stability and were sufficiently robust for shipment across 

the United States for a multi-site imaging test. 
The addition of emulsified silicone oil to PAA hydrogels affected both 

cs and α. Variations in oil properties (concentration, viscosity) and 
emulsification parameters (amplitude, duration) led to significant 
changes in TMM properties, and this effect should be carefully consid
ered and controlled during fabrication of such materials. cs decreased 
linearly with increasing silicone oil concentration (down to 1314 m/s) 
and increased with ethylene glycol (up to 1572 m/s). Addition of 
ethylene glycol did not cause significant changes in α, perhaps due to its 
better miscibility in water than silicone oil. In general, TMMs with 
bigger oil droplets produced higher α values. We reduced acoustic 
attenuation to biologically relevant ranges by using oils with lower 
viscosities, increasing emulsification intensity, and/or increasing 
emulsification duration. These results indicate a significant improve
ment in acoustic tunability compared to our previous PAA formulation 
[30], without significantly increasing material cost or preparation time. 
For instance, a multi-row phantom (phantoms 3 and 4) can be assembled 
in approximately 10 h including 3D-printing time, TMM preparation 
and phantom assembly. 

TMM characterization samples were stable for at least five months, 
which is consistent with the reported service life of several years for 
Zerdine® (CIRS, Inc., Norfolk, VA), a commercially available ultrasound 
TMM based in PAA [53]. Minor changes on acoustic properties could be 
explained by the desiccation typical of hydrogels. The greater changes 
seen in P-TMM vs. F-TMM may be due to the higher water content of 
P-TMM (62.7% w/w vs. 57.6% w/w). Larger imaging phantoms were 

Fig. 9. Multi-system analysis of the straight cylinder phantom (Phantom 5). Log-compressed PA images acquired with the A) VevoLAZR, B) AcousticX, and custom 
system with C) L11–4 and D) P4–1 transducers. E) Core SBR vs. μa for each imaging system. F) Core/boundary ratio vs. μa and imaging system. G) Diameter 
measurements from each PAI system (for target with μa = 2 cm-1). Dashed line represents nominal target diameter. Scale bars = 5 mm. Display dynamic ranges: Vevo 
LAZR (20 dB), AcousticX (20 dB), L11–4 (32 dB), P4–1 (34 dB). 
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also temporally stable over eight weeks (~1% mass loss), despite un
dergoing cross-country transport and having one surface exposed to air 
during imaging experiments. While phantoms were stored in sealed 
plastic bags outside of use, in future work we will design optimized 
housings and storage practices, including addition of a thin plastic 
membrane over the imaging surface (“acoustic window”) to reduce 
desiccation. This approach is commonly used in commercial imaging 
phantoms [58]. Photography of heterogeneous two-layer samples indi
cated that as expected, suspensions of India ink particles in the TMM’s 
water phase did not undergo diffusion/leaching. Interestingly, nigrosin 
suspended in the TMM’s oil phase also did not diffuse into adjacent TMM 
regions. These approaches are suitable for fabricating stable solid in
clusions embedded in TMM as imaging targets. 

3D printing facilitated fabrication of solid PAA inclusions with 
tunable properties that could be embedded in background PAA TMM. 
Solid inclusions offer advantages over the traditional approach of using 
embedded tubes filled with absorptive dyes [40], including: 1) solid 
inclusions can be molded into irregular shapes with variable di
mensions, 2) there is no need to inject solutions, design external con
nections and fittings, or clean fluid channels after use, and 3) the optical 
and acoustic property mismatch at target interface with background 
TMM is better controlled. Additionally, while targets containing India 
ink suspended in the water phase produced strong boundary buildup 
artifacts usually encountered in phantom testing [43,59], targets that 
used nigrosin dissolved in TMM oil phase yielded PA image features with 
a more filled-in appearance. This was expected as PAI should be able to 
detect signals from several small, point-like absorbers, although this 
effect may also have been caused by acoustic scattering by the sus
pended droplets. This is supported by the positive ultrasound contrast of 
phantom targets and high relative volume fraction of droplets (esti
mated at ~12% based on concentration). It is also possible that some of 
the core signal in PA images was caused by out-of-plane artifact from 
sources outside of the image plane. Nevertheless, image quality analysis 
indicated that the core region amplitude was still linear with target μa. 
This implies that these core signals are proportional to absorption co
efficient and would thus be suitable for evaluating performance of 
quantitative and/or spectroscopic PAI methods such as oximetry. 
Several studies have shown that PA images of large tissue regions pre
sent distributed signal throughout the field of view, which may be due to 
dense groups of small, even sub-resolution vessels [1,60,61]. While 
traditional homogeneous absorptive targets or fluid channels are useful 
for representing large blood vessels, these novel filled-in targets may be 
useful as idealized mimics for ensembles of small, sub-resolution pho
toacoustic sources including microvasculature [62] or deposits of 
contrast agents like nanoparticles [63]. 

Although the range of bulk μa values selected for phantom targets 
appears lower than values expected for blood, the estimated μa,droplet 

varied from 2 to 16 cm-1, which overlaps with the biologically relevant 
range of ~2–6 cm-1 for 850 nm. For instance, a μa,droplet of 5.3 cm-1 at 
850 nm would correspond to a normal total hemoglobin concentration 
of 14 g/dL at 100% SO2 [64–66]. Similarly, a μa,droplet of 2.6 cm-1 at 
850 nm would represent a low-contrast scenario, such as anemia with 
total hemoglobin concentration of ~7 g/dl at 100% SO2. Targets pre
pared with bulk μa values outside of this range (0.25–2 cm-1) showed a 
decrease in linearity due to either weak signal (< 0.25 cm-1) or satura
tion effects (> 2 cm-1). 

Evaluation of the multi-row phantom indicated size-dependent ob
ject detectability, especially for targets with μa = 0.25 cm-1. In general, 
larger targets (2–3 mm diameter) were more easily detectable at low μa 
and greater depth in the F-TMM phantom. Target boundary signals were 
generally detected to depths of 20–30 mm with the L11–4v transducer 
depending on target μa, and this is consistent with previous studies using 
breast-mimicking plastisol phantoms with tube targets at μa of 4/cm-1 at 
800 nm [43]. Interestingly, if object detectability had been defined 
based on core signal alone, reported imaging depths would be 

substantially worse due to lower core signal vs. depth. Imaging depth 
was much more limited in P-TMM, with even the highest absorbing 
target only being detected at 10 mm depths. This may be attributed to 
the higher acoustic attenuation of P-TMM vs. F-TMM (14 dB/cm vs. 
4.4 dB/cm at 7 MHz). However, the P4–1 phased array (2.5 MHz) was 
capable of detecting targets down to 40 mm in both F-TMM and P-TMM 
phantoms (Supplementary Fig. S4). It is notable that many PAI systems 
intended for breast imaging use transducers with lower center fre
quencies, although this typically reduces spatial resolution performance 
[8]. It was notable that targets which were readily detected by visual 
inspection yielded SBR values close to 1, where SBR = 1 would normally 
describe a completely undetectable object (target and background 
having equal amplitude). ROI measurements in this study may have 
been generally lower as we did not use a binary mask to finely trim 
adjacent background or weak pixels from ROI selections as in previous 
studies [43]. These weak pixels could have lowered average target ROI 
amplitudes and thus yielded lower SBR values. We found that such 
masks were not well-suited to selecting target core signals unless care
fully tuned to each target, which represents a more burdensome 
approach. 

Phantom testing of three PAI systems indicated a performance trade- 
off between sensitivity and geometric accuracy. While sensitivity 
decreased with increasing transducer center frequency (Fig. 9. E), ob
jects appeared more homogeneous, with stronger core signal leading to 
core/boundary ratios approaching 1. Observed variations in geometric 
accuracy across different systems could be explained by multiple 
mechanisms. First, boundary buildup was more evident in transducers 
with low center frequency, which may be due to lower spatial resolution 
blurring target edge features and preventing visualization of absorbing 
droplets. The lower acoustic scattering at lower frequencies may also 
have contributed to reduced core signal amplitudes for lower frequency 
transducers. Third, targets (especially edge features) may have under
gone vertical broadening due to out-of-plane signal contributions, which 
travel greater pathlengths and are thus reconstructed underneath the in- 
plane feature [43]. 

5. Conclusion 

In conclusion, we developed stable, tunable emulsion hydrogel 
phantoms containing solid hydrogel inclusions with controllable diam
eter, depth, and properties. Embedded inclusions achieved less bound
ary buildup and a more filled-in target appearance, which may be useful 
for characterizing size-dependent object detectability in terms of sensi
tivity, imaging depth, geometric accuracy, and boundary buildup arti
facts. Phantom production was made simple, fast, and inexpensive 
through use of 3D printing, which can also improve repeatability and 
facilitate fabrication and use of these tools by others. These phantoms 
and test methods may support advancements in PAI device design 
optimization and aid development of standardized PAI test methods that 
will ultimately accelerate clinical translation of PAI technology. 
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